Abstract. Monocarbinol-functionalized polydimethylsiloxane (PDMS; mean degree of polymerization = 66) was converted into a chain transfer agent (CTA) for reversible addition-fragmentation chain transfer (RAFT) polymerization via esterification. The degree of esterification was determined to be 94 ± 1 % by 1 H NMR spectroscopy and 92 ± 1 % by UV absorption spectroscopy. This PDMS CTA was then utilized for the dispersion polymerization of benzyl methacrylate (BzMA) in n-heptane at 70 o C.
Introduction
Polydimethylsiloxane (PDMS) is a highly hydrophobic polymer that exists as a liquid at room temperature. 1 It has a highly flexible backbone as a result of free rotation around its Si-O bonds, which leads to a relatively low glass transition temperature. 2 PDMS confers exceptional lubricity, which has led to its widespread use in many cosmetic formulations, despite its relatively high cost. [3] [4] [5] [6] [7] PDMS is typically prepared via anionic ring-opening polymerization of cyclic monomers such as D3 or D4. 8, 9 This leads to good molecular weight control, but back-biting can become problematic at high monomer conversions. [10] [11] [12] [13] Controlled-structure PDMS-based materials have various applications in polymer and colloid science. 2, 14 For example, monomethacrylate-capped PDMS macromonomers have been utilized as reactive steric stabilizers for the preparation of PDMS-stabilized latexes in supercritical CO 2 15, 16 .
Similarly, there are several reports of PDMS-based macromonomers being used to stabilize the nonaqueous dispersion polymerization of methyl methacrylate.
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Various PDMS-based diblock copolymers have also been explored in this context. For example, Dawkins and co-workers found that PDMS-polystyrene (PDMS-PS) diblock copolymers are effective stabilizers for poly(methyl methacrylate) (PMMA) particles prepared in n-alkanes, cyclohexane and Freon. 21 Deslandes et al.
also reported the synthesis of similar diblock copolymers via anionic polymerization of styrene, followed by sequential addition of D3. 22 Amphiphilic PDMS-based diblock copolymers have also been prepared via anionic polymerization of hydrophilic monomers such as 2-(dimethylamino)ethyl methacrylate (DMA) in THF at 25-50 o C from a monocarbinol (or bicarbinol) PDMS precursor. 23, 24 PDMS homopolymer has also been used in soft lithography, offering good-quality etch contrast because of its high silicon content. 25 However, much of the current focus of microelectronics research is in the field of block copolymer lithography. Here the desired nano-patterns are generated during bulk self-assembly, with the precise block composition dictating the copolymer morphology. 26 In this context, PDMS-PS diblock copolymers have been used to form defect-free trenches of controlled width and orientation 26 Spheres, cylinders, hexagons or double-gyroid nanostructures can be obtained by varying the processing conditions. 27, 28 In particular, there is growing interest in PDMS-based diblock copolymers that form cylindrical morphologies in the solid state, since selective pulsed plasma etching of the PDMS block can produce nanoscale silica lines. [32] [33] [34] [35] There are numerous literature reports of spherical micelles or vesicles with PDMS as the coreforming or membrane-forming block. [29] [30] [31] However, as far as we are aware, there are very few studies that describe the preparation of colloidally stable dispersions of diblock copolymer nanoobjects (particularly worms/cylinders or vesicles) for which PDMS acts as a stabilizer block.
Exceptionally, Iyama and Nose 36 prepared meta-stable spheres, worms/cylinders or vesicles using a single PDMS-polystyrene diblock copolymer in a dilute solvent mixture comprising n-octane and methylcyclohexane. We are also aware of several papers by Manners and Winnik describing the preparation of PDMS-stabilized rods in n-alkanes from diblock copolymers containing a crystallizable core-forming block. 37, 38 Living radical polymerization techniques such as atom transfer radical polymerization (ATRP) 39, 40 or reversible addition-fragmentation chain transfer (RAFT) polymerization 41, 42 have revolutionized synthetic polymer chemistry over the last two decades. Functional monomers can be readily polymerized with excellent control over target molecular weights and molecular weight distributions using relatively undemanding synthetic protocols. 43 Of particular relevance to the present work, PDMS has been employed both as a macro-initiator for ATRP syntheses and also as a macromolecular chain transfer agent (macro-CTA) for RAFT syntheses. 44, 45 More specifically, H PDMS-based diblock and triblock copolymers via ATRP using either methyl methacrylate or 2-(dimethylamino)ethyl methacrylate. In the latter case, micellization in aqueous solution was studied using pyrene fluorescence and the copolymers exhibited similar critical micelle concentrations to those reported for commercial surfactants. 44 More recently, Perrier and co-workers described the attempted preparation of PDMS-poly(2-(dimethylamino)ethyl acrylate diblock copolymers via RAFT polymerization in toluene. 45 However, subsequent self-assembly in aqueous solution led to partial in situ hydrolysis of the 2-(dimethylamino)ethyl acrylate residues to produce acrylic acid residues, and hence a statistical acrylic block comprising amine and acid functionality.
Over the last five years or so, polymerization-induced self-assembly (PISA) has become established as a highly versatile approach for the efficient synthesis of diblock copolymer nanoparticles in various media. 46 In the present study, we have evaluated a PDMS chain transfer agent (CTA) as the steric stabilizer block for the preparation of PDMS-based diblock copolymer nano-objects in a non-polar solvent (nheptane). The core-forming block was selected to be poly(benzyl methacrylate) (PBzMA), which is insoluble in n-heptane this is a prerequisite for in situ self-assembly of the copolymer chains.
Suitable conditions are established to obtain colloidally stable diblock copolymer nanoparticles and synthesis parameters such as the target degree of polymerization of the PBzMA block and the copolymer concentration are systematically varied in order to tune the copolymer morphology.
These diblock copolymers are characterized using a wide range of techniques, including gel permeation chromatography (GPC), proton nuclear magnetic resonance spectroscopy ( Laboratories (USA), respectively. Silica gel 60 (0.015-0.040 mm) for column chromatography was purchased from Merck Millipore (Germany). The DCM used for the macro-CTA synthesis was dried in-house using a Grubbs solvent purification system. The PETTC RAFT agent was synthesized according to a protocol reported elsewhere. 66 All other reagents were used as received.
Synthesis of PDMS 66 macro-CTA
The macro-CTA was prepared via DCC/DMAP-catalysed esterification of the monocarbinol- was then added, depending on the desired final solids content (10% to 30% w/v). After deoxygenation using nitrogen gas for 15 minutes at 0°C (using an ice bath) to avoid solvent evaporation, the vial was placed on a pre-heated oil bath at 70 °C and stirred for 20 h. Depending on the target DP of the PBzMA block and the desired solids content, the product was obtained as either a gel or a free-flowing dispersion.
Kinetics of PDMS 66 -PBzMA 250 synthesis via RAFT dispersion polymerization of BzMA in n-heptane
To study the kinetics of the polymerization of BzMA at 25% solids, PDMS 66 macro-CTA (100 µmol; 0.50 g), AIBN (20 µmol; 3.3 mg; macro-CTA/initiator molar ratio = 5.0), BzMA (25 mmol; 4.40 g) and n-heptane (10.0 g) were added to a 20 ml round-bottom flask and deoxygenated with nitrogen gas for 30 min at 0°C (using an ice bath). The flask was placed in a pre-heated oil bath at 70°C to commence polymerization; at this point, the first aliquot was extracted via syringe. Multiple aliquots were taken over the first 8 h and finally after 23 h. These samples were characterized by 1 H NMR spectroscopy, THF GPC and DLS in order to assess the kinetics of polymerization and the evolution in copolymer molecular weight and particle size.
Characterization
Gel Permeation Chromatography (GPC). Molecular weight distributions were assessed using an 
Dynamic Light Scattering (DLS). Hydrodynamic diameters were assessed using a Malvern Zetasizer
Nano-ZS instrument at 25°C and a scattering angle of 173°. Copolymer dispersions were prepared at 0.1% in n-heptane. The mean diameters and polydispersities were calculated using Dispersion
Technology Software version 6.20. This analysis assumes that all the colloidal aggregates have a spherical morphology.
Transmission Electron Microscopy (TEM).
Images were obtained using a Philips CM 100 instrument at 100 kV equipped with a Gatan 1 k CCD camera. In-house surface-coated copper/palladium grids were used to support the samples (11 µl of 0.1% dispersion in n-heptane). The grids were allowed to dry for 10 min before staining them with ruthenium(IV) oxide vapor for 7 min at 20 °C. The protocol for the synthesis of the staining agent is described elsewhere.
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UV Absorption Spectroscopy. The mean degree of functionalization of the PDMS macro-CTA were assessed using a PerkinElmer Lambda 25 instrument to record spectra from 190 nm to 500 nm. A calibration plot was constructed from eight PETTC solutions of known concentration in dichloromethane with concentrations ranging from 1.0 x 10 -4 mol dm -3 to 6 x 10 -6 mol dm -3 . From this linear plot, an extinction coefficient of 10,720 ± 120 mol -1 dm 3 cm -1 was obtained which could be used to calculate the PDMS-PETTC end-group functionality. In order to determine the calibration error, three independent sets of standard solutions were measured. The mean degree of esterification of the PDMS macro-CTA was determined from an average of four spectroscopic measurements.
Small-Angle X-ray Scattering (SAXS)
. SAXS patterns were collected at a synchrotron source (ESRF, station BM26, Grenoble, France), using monochromatic X-ray radiation (wavelength,  = 0.1 nm) and a 2D Pilatus 1M CCD detector. Data collection corresponded to a q range from 0.023 to 1.3 nm
where the scattering vector is given by q = 4sin/ and  corresponds to one-half of the scattering angle. Copolymer dispersions prepared at either 1.0, 3.0 or 5.0% w/w in n-heptane were injected into a thin-walled flow-through quartz capillary cell. Scattering data were reduced by Nika SAS macros for Igor Pro (integration, normalization, and background subtraction) and were further analyzed using Irena SAS macros for Igor Pro. 68 Glassy carbon was used for the absolute intensity calibration.
69

Results and Discussion
An important advantage of using commercially available polymers as precursors for the preparation of RAFT macro-CTAs is that the same mean degree of polymerization can be consistently obtained, In contrast, the PISA formulation described herein involves a non-polar solvent (n-heptane), hence an ester bond should provide sufficient chemical stability. It is known that DMAP catalysis of the DCC-activated esterification of carboxylic acids is highly efficient when conducted in non-aqueous media, provided that the reagents are rigorously purified in order to remove protic impurities such as water. Addition of DMAP also suppresses the formation of side-products commonly found in the uncatalyzed reaction. 78, 79 In the case of the monocarbinol-terminated PDMS utilized herein, the longchain nature of the nucleophile can be problematic, since the reactivity of the terminal hydroxy endgroup can be reduced. Thus esterification was conducted in DCM under reflux, which yielded a PDMS 66 macro-CTA that was analyzed by 1 H NMR and UV absorption spectroscopy. It was possible to assign the PDMS 66 macro-CTA spectrum by comparison to that of PETTC and the PDMS 66 -OH precursor (see Figure 1) . The mean degree of end-group functionalization was determined by comparing the integrated backbone dimethyl protons at 0.1 ppm (labelled m, n and o in Figure 1b) with three sets of protons associated with the PETTC end-group. The latter signals consisted of the five aromatic protons at 7.5 ppm, (labeled a, b and c in Figure 1a ), the two benzyl protons at 3.0 ppm
(labeled e), and the methylene protons (labeled g and h). Thus a mean degree of esterification of 94 ± 1 % was calculated. This relatively high degree of end-group functionalization was confirmed by UV absorption spectroscopy. Briefly, an absorbance vs. concentration plot was constructed using various known solutions of PETTC in DCM. In this case, the PETTC closely resembles the RAFT endgroup that is conjugated to the PDMS chain, which is a prerequisite for reliable end-group analysis using this technique. 80 From the cal mol -1 dm 3 cm -1 was calculated for the absorption maximum at 300 nm (see Supporting Information, Aliquots extracted during the kinetic study were also analyzed by THF GPC, which confirmed the linear evolution of M n with monomer conversion (Figure 2b ). Moreover, each GPC curve proved to be unimodal and a relatively high blocking efficiency for the PDMS 66 macro-CTA was observed. DLS studies on the kinetic samples ( Figure 3 ) indicated the presence of spheres with intensitydiameters of 28-31 nm and relatively low polydispersities at 18-28 % BzMA conversion. However, a significant increase up to 140 nm diameter (with an associated increase in polydispersity from 0.09 to 0.21) was observed from 39 % to 51 % conversion, suggesting a change in the copolymer morphology. According to TEM studies (see Figure 3 ) a mixed phase of worms and spheres is formed within this range of conversions. Higher conversions led to a slightly lower sphere-equivalent diameter of 130 nm, with a concomitant significant reduction in polydispersity to 0.08. TEM studies of samples extracted during the latter stages of the BzMA polymerization indicate that this final copolymer morphology corresponds to vesicles (see Figure 3 and Figure S3 ). Similar observations regarding the in situ evolution of copolymer morphology during PISA formulations were reported by Blanazs et al.
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The effect of varying both the target PBzMA DP and the solids concentration on the morphology of the resulting PDMS 66 -PBzMA x nano-objects was investigated by targeting a series of diblock copolymers, which were characterized by 1 H NMR spectroscopy, DLS, TEM, THF GPC and, in selected cases, SAXS. According to 1 H NMR studies performed on the diluted reaction solutions, the final BzMA conversions ranged from 90% to 100%. Post mortem THF GPC studies (see Figure 4) confirmed systematic increases in M n when targeting higher DPs and consistently low final polydispersities (M w /M n = 1.14 -1.34). Similar GPC data have been reported for various other PISA formulations. 54, 70, 71, 82 According to DLS and TEM studies, only spherical nanoparticles were obtained when the polymerization was conducted at either 10 or 15% solids, regardless of the targeted diblock composition. SAXS was also used to characterize these spherical nanoparticles, with the scattering patterns featuring the expected zero gradient at low q (Guinier regime, see Figure 5a ). 46, 54, 76, 84 The minima observed at higher q contain particle size information. As the target DP of the core-forming PBzMA block is systematically increased from 24 to 285, the first minimum gradually shifts to lower q, indicating a progressive increase in sphere dimensions. Fitting these data to a well-known spherical micelle model, 85,86 the volume-average diameter, D v , can be determined. The calculated D v values increased monotonically from 16 nm to 45 nm (see Figure 5b ) and SAXS analysis indicated relatively narrow size distributions in each case (± 10%). On the other hand, DLS reports an intensityaverage particle diameter, which also increases monotonically with target PBzMA DP (see Figure 5b ). This is consistent with previous PISA syntheses involving the RAFT dispersion polymerization of BzMA in either polar or non-polar media, where the mean spherical particle diameter was strongly correlated with the DP of the core-forming block. It is perhaps worth emphasizing here that SAXS always undersizes relative to DLS, simply because these techniques report differing moments of the particle size distribution. SAXS studies were also conducted on PDMS 66 -PBzMA 80 worms and PDMS 66 -PBzMA 400 vesicles (see Figure 7 ). The scattering curve obtained for the worms exhibits a gradient of approximately -1 in the Guinier regime, which is characteristic for such highly anisotropic particles. 84 In principle, fitting this SAXS pattern to a worm-like micelle model previously validated for PLMA-PBzMA worms in nalkanes 59 enables both the mean worm cross-section and average worm contour length to be extracted. A value of 26 nm was calculated for the former parameter, with a reasonably good data fit being achieved. As a comparison, mean diameters of 21 nm and 27 nm were determined for PDMS 66 -PBzMA 50 and PDMS 66 -PBzMA 100 spheres, respectively. Thus a worm cross-section of 26 nm for PDMS 66 -PBzMA 80 worms seems to be physically reasonable and is comparable to the worms observed in the TEM image in Figure 6a . Unfortunately, only a lower limit value of around 1000 nm could be determined for the mean worm contour length from the same data fit. Despite the relatively long camera length available at the synchrotron X-ray facility, the accessible q range was not sufficiently low to provide more accurate information.
The scattering curve obtained for the PDMS 66 -PBzMA 400 vesicles also proved to be information-rich.
This pattern was fitted using a typical core-shell model with an additional parameter to account for the polydispersity of the membrane. 89 The low q feature corresponds to the overall vesicle dimensions. A volume-average vesicle diameter of 315 nm was calculated from the data fit, which is in reasonable agreement with the intensity-average diameter of 371 nm indicated by DLS. Again, some discrepancy between these two values is to be expected given the differing moments reported by SAXS and DLS. The high q feature corresponds to the mean membrane thickness, for which a value of 36 nm is calculated from the data fit. This is comparable to that estimated from the TEM images shown in Figure 6a . 
